
DM: A STORY

In the beginning there was a single, stable, weakly 
interacting massive particle that

Solved the hierarchy problem

Could evade direct detection bounds

Generated the correct relic density

Made predictions for indirect detection
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DM: A STORY

Some minor problems:

Direct detection. Scattering cross-
section must be sub-weak.

Fine tuning in the MSSM -- why 
hasn’t SUSY been found?

Fix up the problem by extending the 
model (NMSSM)

σn ≈ 10−36 cm2
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DM ANOMALIES

Predictions of the model mapped onto observed anomalies, 
neither direct detection nor indirect detection

Direct detection: DAMA and CoGeNT
3

FIG. 3: Low-energy spectrum after all cuts, prior to efficiency
corrections. Arrows indicate expected energies for all viable
cosmogenic peaks (see text). Inset: Expanded threshold re-
gion, showing the 65Zn and 68Ge L-shell EC peaks. Over-
lapped on the spectrum are the sigmoids for triggering ef-
ficiency (dotted), trigger + microphonic PSD cuts (dashed)
and trigger + PSD + rise time cuts (solid), obtained via high-
statistics electronic pulser calibrations. Also shown are ref-
erence signals (exponentials) from 7 GeV/c2 and 10 GeV/c2

WIMPs with spin-independent coupling σSI = 10−4pb.

Fig. 3 displays Soudan spectra following the rise time
cut, which generates a factor 2-3 reduction in background
(Fig. 2). Modest PSD cuts applied against microphonics
are as described in [1]. This residual spectrum is domi-
nated by events in the bulk of the crystal, like those from
neutron scattering, cosmogenic activation, or dark mat-
ter particle interactions. Several cosmogenic peaks are
noticed, many for the first time. All cosmogenic prod-
ucts capable of producing a monochromatic signature are
indicated. Observable activities are incipient for all.

We employ methods identical to those in [1] to ob-
tain Weakly Interacting Massive Particle (WIMP) and
Axion-Like Particle (ALP) dark matter limits from these
spectra. The energy region employed to extract WIMP
limits is 0.4-3.2 keVee (from threshold to full range of
the highest-gain digitization channel). A correction is
applied to compensate for signal acceptance loss from
cumulative data cuts (solid sigmoid in Fig. 3, inset).
In addition to a calculated response function for each
WIMP mass [1], we adopt a free exponential plus a
constant as a background model to fit the data, with
two Gaussians to account for 65Zn and 68Ge L-shell
EC. The energy resolution is as in [1], with parameters
σn=69.4 eV and F=0.29. The assumption of an irre-
ducible monotonically-decreasing background is justified,
given the mentioned possibility of a minor contamination
from residual surface events and the rising concentration

FIG. 4: Top panel: 90% C.L. WIMP exclusion limits from
CoGeNT overlaid on Fig. 1 from [6]: green shaded patches
denote the phase space favoring the DAMA/LIBRA annual
modulation (the dashed contour includes ion channeling).
Their exact position has been subject to revisions [7]. The
violet band is the region supporting the two CDMS candi-
date events. The scatter plot and the blue hatched region
represent the supersymmetric models in [8] and their uncer-
tainties, respectively. Models including WIMPs with mχ ∼7-
11 GeV/cm2 provide a good fit to CoGeNT data (red contour,
see text). The relevance of XENON10 constraints in this low-
mass region has been questioned [14]. Bottom panel: Limits
on axio-electric coupling gaēe for pseudoscalars of mass ma

composing a dark isothermal galactic halo (see text).

towards threshold that rejected events exhibit. A sec-
ond source of possibly unaccounted for low-energy back-
ground are the L-shell EC activities from observed cos-
mogenics lighter than 65Zn. These are expected to con-
tribute < 15% of the counting rate in the 0.5-0.9 keVee
region (their L-shell/K-shell EC ratio is ∼ 1/8 [5]). A
third possibility, quantitatively discussed below, consists
of recoils from unvetoed muon-induced neutrons.

Fig. 4 (top) displays the extracted sensitivity in spin-
independent coupling (σSI) vs. WIMP mass (mχ). For
mχ in the range ∼7-11 GeV/c2 the WIMP contribu-
tion to the model acquires a finite value with a 90%
confidence interval incompatible with zero. The bound-
aries of this interval define the red contour in Fig. 4.
However, the null hypothesis (no WIMP component in
the model) fits the data with a similar reduced chi-
square χ2/dof =20.4/20 (for example, the best fit for
mχ = 9 GeV/c2 provides χ2/dof =20.1/18 at σSI =
6.7 × 10−41cm2). It has been recently emphasized [6]
that light WIMP models [1, 8, 9] provide a common ex-
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FIG. 2: Parameter space region (cross-hatched) able to ex-
plain the DAMA modulation via spin-independent couplings
from an isothermal light-WIMP halo [5]. Lines delimit the
coupling (σSI) vs. WIMP mass (mχ) regions excluded by
relevant experiments [5]. All regions are defined at the 90%
confidence level. Inset: PPC spectrum used for the extrac-
tion of present limits. Lines display the signals expected from
some reference WIMP candidates (dotted: mχ= 8 GeV/c2,
σSI = 10−4pb. Dashed: mχ= 6 GeV/c2, σSI = 0.002 pb.
Dash-dotted: mχ= 4 GeV/c2, σSI = 10−2pb).

scription of the first prototype, most within the Majo-

rana collaboration [9]. The dataset utilized here comes
from tests of the first prototype in a shallow underground
location (330 m.w.e., a pumping station part of the Tun-
nel And Reservoir Plan of the city of Chicago). While
the results obtained already impose constraints on the
possible dark matter origins of the DAMA anomaly, it is
expected that ongoing cryostat improvements, a longer
exposure (8.4 kg-days here) and operation in a deeper
laboratory should dramatically improve the dark mat-
ter sensitivity of the device. The potential reach of this
method is discussed in more detail below.

Listing from the innermost to the outermost compo-
nents, the shield installed around the detector was: i) a
10 cm-thick, low-background NaI[Tl] anti-Compton veto,
ii) 5 cm of low-background lead, iii) 15 cm of standard
lead, iv) 0.5 cm of borated neutron absorber, v) a >99.9%
efficient muon veto, vi) 30 cm of neutron moderator, and
vii) a low-efficiency large-area external muon veto. Fig. 1
shows the magnitude of the active background rejection.
The rate of random coincidences between PPC and active
element events, measured with a pulser, was ∼18%. The
low-energy dataset used for dark matter limit extraction
(inset, Fig. 2) has been corrected to account for these.

The signal from the PPC preamplifier is sent through
two shaping amplifiers operating at different integration
constants. An anomalous ratio between the amplitudes

of these shaped pulses is an efficient tag for microphonic
events [10]. These software cuts, applied on the digitized
and stored amplifier traces, are trained on datasets con-
sisting of asymptomatic low-energy signals from an elec-
tronic pulser. The goal is to obtain the maximum signal
acceptance for the best possible microphonic rejection.
A correction is also applied to the data, to compensate
for the modest signal acceptance losses (few percent) im-
posed by this method. The energy resolution and cal-
ibration were obtained using the cosmogenic activation
in 71Ge (T1/2=11.4 d), leading to intense peaks at 1.29
keV and 10.36 keV following installation, and a 133Ba
source providing five auxiliary lines below 400 keV. An
excellent linearity was observed. The energy resolution σ
below 10 keV is approximated by σ2 = σ2

n +(2.35)2EηF ,
where σn=69.7 eV is the intrinsic electronic noise, E is
the energy in eV, η= 2.96 eV is the average energy re-
quired to create an electron-hole pair in Ge at ∼80 K,
and F ∼0.06 is the measured Fano factor.

The spectrum of energy depositions so obtained can
then be compared with expected signals from a stan-
dard isothermal galactic WIMP halo. The spectrum of
WIMP-induced recoil energies is generated following [11],
using a local WIMP density of 0.3 GeV/cm3, a halo ve-
locity dispersion of 230 km/s, an Earth-halo velocity of
244 km/s and a galactic escape velocity of 650 km/s. The
quenching factor (i.e., the fraction of recoil energy mea-
surable as ionization) for sub-keV germanium recoils has
been measured with this PPC, using a dedicated 24 keV
neutron beam [12]. It was found to be in excellent agree-
ment with expectations [7, 13]. Its effect is included here
in generating spectral shapes of WIMP-induced ioniza-
tion or “electron equivalent” energy (units of “keVee”),
like those shown in the inset of Fig. 2. The exceptional
energy resolution of this detector has a negligible effect
on these spectra. A standard method [6, 14] can then
be used to obtain limits on the maximum WIMP signal
compatible with the data: employing a non-linear regres-
sion algorithm, data are fitted by a model consisting of
i) a simple exponential to represent the spectral shape of
low-energy backgrounds, ii) a gaussian peak at 1.29 keV
(68,71Ge) with free amplitude and a width (resolution) as
described above, and iii) for WIMPs of each mass, their
spectral shape with a free normalization proportional
to the spin-independent WIMP-nucleus coupling. Cou-
plings excluded at the 90% confidence level are plotted in
Fig. 2. The last remaining region of phase space available
for a standard isothermal WIMP halo to be the source
of the DAMA modulation is now ruled out. Other more
elaborate halo models might be invoked, but they result
in a modest distortion of experimental exclusion lines and
DAMA favored phase space, both following a similar dis-
placement within Fig. 2 [5]. Channeling through crystal
lattices has been proposed [15, 16, 17, 18] as a mech-
anism able to recover the compatibility of DAMA and
other experiments, even if experimental evidence in the
relevant recoil energy regime for NaI[Tl] seems absent

Wait!
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FIG. 2: Constraints on the mA − tanβ plane from B → τν,
B → Dτν and φ → τ+τ−. In the case of the B decays, we show
a conservative bound (grey shaded region): the intersection of the 3
sigma allowed regions for both B processes. For φ → τ+τ− (the
irregular red shaded region), the region below the curve is allowed at
2 σ by the Tevatron. The B-decay region depends on the squark and
gluino masses due to loop corrections to the b mass, so we show the
region corresponding to ε0 = +εmax. The region for ε0 = −εmax

is shown in Fig. 3. The φ → τ+τ− is relatively insensitive to these
corrections. We also show in this plane contours of constant scatter-
ing cross section, assuming the bound on the invisible Z width (3.0
MeV) is saturated and ε0 = +εmax.

branching fraction and production cross section in opposite di-
rections, even extreme values of |ε0| = εmax give rise to small
modifications, ∼ 5%, to these curves. Examining these plots,
we can pick out the largest allowed scattering cross section,
σn <∼ 5 × 10−42 cm2, below the CoGeNT allowed region.
If the errors are both B experiments are inflated even further
(both experiments taken at 3.1 sigma), a fine-tuned region at
larger tanβ opens. There the charged Higgs contribution is
exactly the right size to (over)cancel the standard model con-
tribution, such that the resulting sum is again the same size as
the standard model one. If this strip were to open, the cross
allowed cross section is approximately a factor of 2 higher,
σn <∼ 1 × 10−41 cm2, and the Tevatron constraints on Higgs
production would start to be relevant.

Finally, we comment on the more model-dependent flavor
physics implications. For b → sγ, without cancellation, such
large values of tanβ would require charged Higgs masses
closer to 300 GeV [38]. In principle, there is the possibility of
large canceling contributions. However, this requires a large
contribution from squark/gaugino diagrams (e.g. with light
stops and charginos). Such a delicate cancelation would be
surprising, and might well show up elsewhere depending on
how it were implemented (e.g., non-minimal flavor violation).
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FIG. 3: Constraints on the mA − tanβ plane from B → τν,
B → Dτν and φ → τ+τ−, and t → bH+. In the case of the
B decays, we show a conservative bound (grey shaded region): the
intersection of the 3 sigma allowed regions for both B processes. For
φ → τ+τ− (the irregular red shaded region), the region below the
curve is allowed at 2 σ by the Tevatron. Since the B-decay region
depends on the squark and gluino masses due to loop corrections to
the b mass, we show lines corresponding to ε0 = −εmax. The region
for ε0 = +εmax is shown in Fig. 2. The φ → τ+τ− constraint is
relatively insensitive to these corrections. The green shaded region
indicates the constraint from t → bH+. We also show in this plane
contours of constant scattering cross section, assuming the bound on
the invisible Z width (3.0 MeV) is saturated and ε0 = −εmax.

To conclude, acquiring a large scattering cross section in
the MSSM for light WIMPs requires a very particular Higgs
boson spectrum. To achieve the largest possible cross section
consistent with constraints, we require µ very near its bound
at 108 GeV, sbottoms and gluino relatively light (around 350
GeV), a heavy right-handed stop around >∼ 1.5 TeV, and small
A-terms. To maximize scattering, the CP even Higgs boson
with tanβ–enhanced couplings should be as light as possi-
ble. At present, bounds from B decays are most constraining.
Depending on the details of the SUSY spectrum, constraints
from the rare decay t → bH+ could eventually become com-
petitive. We find that for WIMPs in the 5-15 GeV range, the
scattering cross section must be smaller than 5× 10−42 cm2.

Thus it appears a MSSM neutralino is in tension with the
data from CoGeNT. To explain the observed rates in these
detectors would require local overdensity in the DM of a
factor of 6 to hit the edge of the window. We leave for future
work a discussion of the effect of a thermal relic history on
the allowed parameter space of the low mass MSSM window,
but it is interesting to note that that region near the CoGeNT
window gives rise to approximately the correct relic density.

We thank Tim Cohen and Dan Phalen for discussions.
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DM ANOMALIES

Indirect detection: PAMELA and Fermi

Annihilation cross-section must be big and prefer leptons

Neither are single, stable, weakly interacting massive 
particles
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THEORETICAL 
IMPLICATIONS

All of these signals may turn out to be systematics / 
astrophysical backgrounds

But the theoretical landscape has changed

Dark Forces, Low Mass Hidden Sectors, Dark Matter from 
the Baryon Asymmetry

How do our search strategies change in light of the new 
models and results? 

Wednesday, March 23, 2011



ASYMMETRIC DARK 
MATTER

nDM ≈ nb

ΩDM ≈ 5ΩbExperimentally,

Find mechanism
mDM ≈ 5mp

S.M. Barr, D.B. Kaplan

Farrar, Zaharijas
Kitano, Low

Gudnason, Kouvaris, Sannino
Kitano, Murayam, Ratz

W =
X2LH

M

Standard Model

High scale M

X sector

Electroweak scale

Kaplan, Luty, KZ
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NEW SIGNATURES

Reduce MET

Using gamma telescopes to look below 1 GeV?

Pushing the reach of DD below m ~ 10 GeV?

W =
X2udd

M2
χ̃ q̃ X̃

X̃

q

qq
mDM ! 8 GeV
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THEORETICAL 
IMPLICATIONS

How can we be ready for anything?
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